Germ-line mutations of the breast cancer susceptibility gene *BRCA1* predispose women to early-onset breast and/or ovarian cancers ([@r1]). An understanding of the *BRCA1* function(s) that suppress cancer development remains limited, and how defective *BRCA1* function contributes to tumorigenesis and metastasis is a mystery.

IRIS is an alternatively spliced, nuclear polypeptide product of the *BRCA1* gene ([@r2]). It controls cell proliferation, at least in part, by binding to and modulating the replication initiation-regulating protein Geminin ([@r2]). It also acts as a transcriptional coactivator by associating with selected promoter elements and thereby influencing the transcription of certain genes ([@r3]). Others have detected its overexpression in cancer cells and associated it with certain transformed properties, such as an epithelial-to-mesenchymal transition (EMT) and chemotherapy resistance in animal cancer models ([@r4], [@r5]). However, a detailed biochemical role for IRIS in sustaining human cancers has not yet been established, and knowledge of the mechanisms by which it drives certain canonical tumor-associated properties remains limited.

Spontaneous overexpression of endogenous IRIS can now be detected in broad collections of sporadic human cancers. Moreover, we have found that spontaneously overexpressed endogenous IRIS promotes the metastasis of primary and cell line-based human breast cancer cells in mouse models and does so, at least in part, through the arterial circulation.

IRIS is also a transcription cofactor that, we find, operates under normoxic conditions by suppressing phosphatase and tensin homolog (PTEN) mRNA synthesis. This, in turn, activates PI3K signaling and results in AKT activation ([@r6][@r7][@r8][@r9]--[@r10]). The latter triggers the inhibition of GSK-3β ([@r11]), which otherwise catalyzes HIF-1α phosphorylation at distinct sites within its transactivation domain ([@r12], [@r13]). Blockade of HIF-1α phosphorylation stabilizes and activates HIF-1α, even in a normoxic environment, allowing it to manifest its known metastasis-promoting function ([@r14][@r15]--[@r16]).

Thus, IRIS is a product of a classical tumor suppressor gene that, when overexpressed, paradoxically stimulates tumor progression. It does so by perturbing established elements of tumor-suppression signaling at the center of which is its target, the prominent human tumor suppressor PTEN.

Results {#s1}
=======

Expression of IRIS in Sporadic Human Cancer. {#s2}
--------------------------------------------

When ectopically overexpressed, IRIS stimulates cellular proliferation. It is also spontaneously overexpressed in certain breast cancer cell lines ([@r2]). Hence, we extended IRIS expression analysis to cells from a variety of human tumors, using RNA-sequencing (RNA-Seq) data available in The Cancer Genome Atlas (TCGA) ([@r17]).

An alignment-free approach, Kallisto ([@r18]), was used to estimate IRIS-specific RNA abundance from FASTQ files in this endeavor. In these datasets, despite the low estimated overall abundance, relatively high levels of IRIS mRNA were detected in breast, stomach, endometrial, bladder, colon, esophageal, and lung carcinoma and in acute myeloid leukemia ([Fig. 1*A*](#fig01){ref-type="fig"} and [Datasets S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental) and [S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). BRCA1-p220 (also known as "p220") messenger levels were also determined in all tumor cases in TCGA ([*SI Appendix*, Fig. S1*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental) and [Dataset S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). Of note, IRIS mRNA expression did not correlate with p220 mRNA abundance in most cancer types ([*SI Appendix*, Fig. S1*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental) and [Dataset S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)), indicating that expressions of these two isoforms are regulated differently.

![Expression of IRIS in sporadic human cancer. (*A*) Dot plot showing IRIS RNA-Seq data in various sporadic tumors in the TCGA data collection. TPM, transcripts per million. Refer to [Dataset S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental) for a description of abbreviations of each cancer type and *P* values. (*B*) Western blot showing IRIS protein levels in samples from multiple human breast cancer PDX models. (*C*) Western blot showing IRIS protein levels in various human cancer cell lines. LGG, lower grade glioma; LUSC, lung squamous cell carcinoma; Mel, melanoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate adenocarcinoma; RCC, renal clear cell carcinoma. (*D*) Agar colony formation by M231, A549, and ACHN cells before and after IRIS depletion (*n* = 6). (Scale bars, 200 μm.)](pnas.1807112115fig01){#fig01}

We also analyzed IRIS expression in primary, triple-negative breast cancer (TNBC) patient-derived xenograft (PDX) cells ([@r19]). Although some tumors, such as PA14-0421-14 and PIM005, displayed low or even undetectable levels of IRIS protein, the levels in tumors such as PIM001-M and PIM002 were much higher. Indeed, they were comparable to levels in some IRIS-overexpressing human breast cancer cell lines such as MDA-MB-231 (also known as "M231") ([@r2]) and M231 LM2 ([@r20]) ([Fig. 1*B*](#fig01){ref-type="fig"}). Taken together, these results show that endogenous IRIS is abundantly expressed in a variety of sporadic human cancers, including breast cancer, and that both RNA and protein overexpression were detected.

IRIS protein levels were also studied in various cancer cell lines in the Cancer Cell Line Encyclopedia ([@r21]). Using the elevated level in M231 breast cancer cells as an example of IRIS overexpression in a cancer cell line ([@r2]), IRIS protein overexpression was detected in multiple cell lines of different cancers, e.g., lung, glioma, renal cell, melanoma, and lymphoma ([Fig. 1*C*](#fig01){ref-type="fig"}). In the lines in which p220 was less abundant, IRIS abundance failed to parallel these effects, in keeping with the strict target specificity of our p220 and IRIS antibodies ([Fig. 1*C*](#fig01){ref-type="fig"}).

These broadly based examples of IRIS overexpression in sporadic human tumor samples and in human cancer cell lines prompted the question of whether overexpressed IRIS contributes to a tumor cell neoplastic phenotype. To test this, we asked whether IRIS is required for anchorage-independent growth of three IRIS protein-overproducing human cancer cell lines, M231, A549 (a human lung cancer cell line), and ACHN (a human renal cancer cell line). All overexpressed IRIS, and all readily formed colonies in semisolid medium ([Fig. 1 *C* and *D*](#fig01){ref-type="fig"}). By contrast, after shRNA-mediated IRIS depletion these cells formed fewer and/or smaller colonies in semisolid medium than controls ([Fig. 1*D*](#fig01){ref-type="fig"}). Furthermore, IRIS depletion in A549 and ACHN cells led to an induction of E-cadherin expression ([*SI Appendix*, Fig. S1*B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)), suggesting that endogenously overexpressed IRIS gives rise to an EMT phenotype in these cells ([@r22]).

Moreover, shIRIS-induced inhibition of M231 cell anchorage-independent growth was rescued by expression of an RNAi-resistant IRIS complementary DNA (cDNA), FL IRIS ([*SI Appendix*, Fig. S1*C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). By contrast, an RNAi-resistant IRIS mutant that lacked the C-terminal intron 11-encoded IRIS functional domain, Tr IRIS, failed to rescue the growth of IRIS-depleted M231 cells in soft agar when tested in parallel ([*SI Appendix*, Fig. S1*C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). This reflected the specificity of these results.

IRIS sustains a normal rate of cell proliferation by modulating the rate of DNA replication ([@r2]). Therefore, we asked whether decreased levels of anchorage-independent growth of IRIS-depleted cells were a result of persistent growth retardation. Colony-forming assays on plastic surfaces were performed on IRIS-depleted and control hairpin-expressing M231, A549, and ACHN cells. These cells all exhibited similar, robust colony-forming efficiency ([*SI Appendix*, Fig. S1*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)).

Collectively, these data indicate that overly expressed endogenous IRIS drives anchorage-independent growth, a property of some tumor-initiating cells and other neoplastic phenotype-bearing cells ([@r23][@r24]--[@r25]), without affecting attached cell proliferation and colony formation. Furthermore, although IRIS is a *BRCA1* gene product and was first found to be overexpressed in breast cancer cell lines ([@r2]), its aberrant expression and its ability to sustain anchorage-independent growth and to suppress E-cadherin expression were also detected in nonmammary cancer lines ([Fig. 1 *C* and *D*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1*B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)).

IRIS Depletion Attenuates Breast Cancer Cell Metastatic Activity but Not Primary Tumor Formation. {#s3}
-------------------------------------------------------------------------------------------------

Since IRIS is overexpressed in some of the breast cancer PDX models that were tested, we asked whether this property contributes to mammary tumorigenesis. Control hairpin or specific IRIS hairpin-expressing M231 cells were injected both s.c. and into the mammary fat pads of nude mice, and subsequent tumor growth was analyzed.

Gross tumor masses appeared at both sites after the injection of either control or IRIS-depleted cells ([*SI Appendix*, Fig. S2 *A* and *B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). The latter exhibited slightly delayed tumor growth ([*SI Appendix*, Fig. S2*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)), possibly due to modest proliferation suppression ([@r2]). Nonetheless, it appeared that IRIS overexpression was not essential for these xenografts to generate primary breast tumors.

In the same experiments, we also asked whether IRIS depletion affects metastatic M231 tumor growth following mammary fat pad injection. When multiple H&E-stained tissues of these M231-injected animals were analyzed 7 wk after injection, metastatic tumor cells were detected histologically in a variety of organs and tissue sites, including lung, lymph node, abdominal fat collections, cardiac muscle, and brain. By contrast, in mice injected in parallel with IRIS-depleted M231 cells, metastatic tumor deposits were detected primarily in lung and were undetectable elsewhere ([Fig. 2 *A* and *B*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2*C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). IRIS depletion did not lead to an obvious decrease in the growth of tumor lung deposits ([*SI Appendix*, Fig. S2*C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). Thus, high IRIS expression is required for the development of overt metastatic activity following mammary fat pad injection, except in the lung.

![IRIS depletion attenuates metastasis of breast cancer cells. (*A*) IRIS depletion reduced metastatic deposits arising from primary tumors of M231 cells. (Scale bar, 80 μm.) Arrowheads pointing at dense, H&E-stained cell collections identify tumor deposits. (*B*) Quantitation of metastatic deposits detected in the mammary fat pad injection experiments (*n* = 5). (*C*) IRIS depletion significantly reduced metastatic deposits of M231 cells in organs and tissue sites other than the lung in the i.v. model. (Scale bar, 400 μm.) (*D*) Summaries of metastatic deposit quantitation in mice injected and analyzed in the i.v. model (scramble: *n* = 8; shLacZ: *n* = 7; shIRIS1: *n* = 8; shIRIS2: *n* = 7). (*Left*) Quantitation of the number of organ sites that contained tumor deposits as reflected in a standard number of sections, excluding lung. (*Right*) Quantitation of the number of tumor deposits detected in a standard number of sections, excluding lung. (*E*) Depletion of IRIS significantly depressed M231 cell tumor growth following IC injection. (Scale bar, 200 μm.) (*F*) Quantitation of metastatic deposits in a standard number of sections (lung included) in the IC injection assays (scramble: *n* = 11; shLacZ: *n* = 12; shIRIS1: *n* = 12; shIRIS2: *n* = 13). (*G*) Western blot showing expression levels of certain proteins in various cell strains growing in culture. (*H*) IRIS depletion attenuated metastasis of BC3-p53KD cells. (Scale bar, 160 μm.) (*I*) Summaries of metastatic activity of BC3-p53KD cells (scramble: *n* = 7; shLacZ: *n* = 7; shIRIS1: *n* = 8; shIRIS2: *n* = 8).](pnas.1807112115fig02){#fig02}

In a different tumor cell administration protocol, i.e., i.v. cell injection, we again compared IRIS-regulated metastasis displayed by control vs. IRIS-depleted M231 cells. Here, by 3 wk after tail vein inoculation, large lung tumor deposits were apparent in most mice in all treatment groups ([Fig. 2*C*](#fig02){ref-type="fig"}). The i.v. injection of control hairpin-transduced cells also led to widespread tumor development at other sites, such as adrenal gland, brain, myocardium, muscle, and bone, while mice injected with M231 expressing either of two different IRIS hairpins underwent limited metastasis development except in the lung ([Fig. 2*C*](#fig02){ref-type="fig"}). Quantitations of both metastasis-containing organ/tissue sites and the collective number of tumor deposits detected in each mouse were performed. Standardized histopathology assessment showed that IRIS depletion was associated with markedly reduced metastatic tumor growth other than in the lung ([Fig. 2 *C* and *D*](#fig02){ref-type="fig"}).

To search for a relationship between lung tumor cell colonization and metastasis to organs fed by the arterial circulation (e.g., adrenal gland, brain, myocardium, muscle, and bone), we repeated these experiments using an intracardiac (IC) tumor cell injection protocol. Unlike the massive pulmonary invasion by IRIS-overexpressing and IRIS-depleted tumor cells following i.v. injection, far fewer and more discrete lung tumor deposits appeared after IC injection of control cells ([Fig. 2*E*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). Furthermore, no lung tumor deposits were detected after IC injection of IRIS-depleted cells ([Fig. 2*E*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)).

Similarly, control hairpin-expressing tumor cells also gave rise to significant numbers of metastases in organ/tissue sites, such as brain, vertebral spine, pancreas, and ovary, all reached by tumor cells in the arterial circulation. By contrast, fewer and smaller metastases were detected in these or any other sites analyzed after IC injection of IRIS hairpin-expressing cells ([Fig. 2 *E* and *F*](#fig02){ref-type="fig"}). In addition, metastases derived from cells carried to nonlung organ/tissue sites via the arterial circulation were detected at similar frequencies after i.v. and IC injection ([Fig. 2 *D* and *F*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). Lung metastases were much less abundant after IC than after i.v. injection and were even less abundant after IC injection of IRIS-depleted cells vs. controls ([Fig. 2 *C* and *E*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)).

Taken together, these results strongly suggest that overexpression of endogenous IRIS enhances arterial M231 metastasis.

IRIS Is Required for Breast Cancer PDX-Derived Cell Metastasis. {#s4}
---------------------------------------------------------------

In three different human PDX strains (DFBC12-58, BC3-p53KD, and BC3-p53WT) ([@r19], [@r26]) we detected elevated expression levels of IRIS that were comparable to the IRIS level in M231 cells ([Fig. 2*G*](#fig02){ref-type="fig"}). Expression of IRIS hairpins in BC3-p53KD cells led to inhibition of growth in semisolid medium without altering their growth rate when attached ([*SI Appendix*, Fig. S3 *A* and *B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). Moreover, BC3-p53KD cells formed primary and secondary mammospheres. This property was suppressed following the expression of IRIS-directed hairpins but not after the expression of irrelevant control hairpins ([*SI Appendix*, Fig. S3*C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). Anchorage-independent growth and mammosphere formation are manifestations of certain tumor-initiating and stem-like breast cancer cells ([@r23][@r24]--[@r25], [@r27], [@r28]).

Distinctive morphological changes also appeared in both BC3-p53KD and BC3-p53WT cells after IRIS depletion. While control cells appeared to be spindle-shaped and fibroblastic, the IRIS-depleted cells displayed a cobblestone-like, epithelial morphology ([*SI Appendix*, Fig. S3*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). This implies that IRIS depletion in these cells led to a mesenchymal-to-epithelial transition (MET) ([@r29]).

Similarly, in i.v.-injection metastasis experiments, IRIS-depleted cells led to fewer and smaller lung tumor deposits than did control cells ([Fig. 2 *H* and *I*](#fig02){ref-type="fig"}). The growth of BC3-p53KD tumors was not as aggressive as that of M231 tumors. The experimental animals bearing BC3-p53KD tumors survived longer than animals bearing M231 tumors. This allowed us to observe a defect in the pulmonary tumor deposit formation associated with IRIS-depleted BC3-p53KD cells. Although the metastatic activity in other organs of either control or IRIS-depleted BC3-p53KD cells was relatively low, control cell metastases were nonetheless more abundant than IRIS-depleted ones ([Fig. 2 *H* and *I*](#fig02){ref-type="fig"}). Thus, IRIS overexpression promoted anchorage-independent growth, mammosphere formation, EMT, and metastasis by primary human breast cancer cells.

Mechanism of IRIS-Driven Metastasis. {#s5}
------------------------------------

### IRIS stabilizes and activates HIF-1α. {#s6}

The state of oxygenation constitutes a major difference between the venous and the arterial circulation. This and the prediction that IRIS-driven metastasizing cells traverse the arterial circulation on their way to their target organs/tissues led us to consider a role for oxygenation-response proteins in the IRIS-driven metastatic process.

The transcription factor HIF-1α mediates adaptive responses to changes in oxygenation ([@r30][@r31]--[@r32]). In the face of tissue, organ, or cellular oxygen deprivation, it becomes stabilized and activated. The opposite is true in normoxic settings. HIF-1α has also been implicated as a metastasis-promoting factor and is often overexpressed in clinical breast cancer ([@r14], [@r15]).

Given the aforementioned observations, we assessed the relative levels of HIF-1α protein in M231 cells before and after IRIS depletion. IRIS depletion resulted in a marked decrease in the steady-state level of HIF-1α in cells cultivated in room air, and the reduction persisted when the cells were switched to a hypoxic environment ([Fig. 3*A*](#fig03){ref-type="fig"}). This suggests that overexpressed IRIS contributes to HIF-1α overexpression in normoxic and hypoxic environments alike.

![IRIS regulates HIF-1α protein stability. (*A*) Down-regulation of HIF-1α protein by IRIS depletion under normoxic and hypoxic conditions in M231 cells. (*B*) Endogenous overexpression of IRIS increased the half-life of HIF-1α protein in the presence and absence of DMOG. (*Left*) Short and long exposures of HIF-1α and actin Western blots. (*Right*) Kinetics of HIF-1α protein degradation normalized over actin abundance. (*C*) The effect of FL or Tr mutant IRIS expression on the abundance of ectopically expressed HIF-1α. (*D*) IRIS depletion dramatically reduced the binding of HIF-1α to its target gene promoters as reflected by the results of a ChIP assay. Values are normalized mean ± SD (*n* = 6). (*E*) Abundance of various proteins in control and IRIS-depleted M231 cells.](pnas.1807112115fig03){#fig03}

Tissue oxygenation-dependent regulation of protein stability underlies the physiological control of HIF-1α abundance in varying states of tissue oxygenation ([@r31], [@r32]). Therefore, we compared the half-life of HIF-1α in IRIS-depleted cells with that detected in control cells. In a cycloheximide-chase assay, the HIF-1α half-life decreased from ∼15 min in control hairpin-expressing cells to ∼5 min in IRIS-depleted cells ([Fig. 3*B*](#fig03){ref-type="fig"}, no DMOG). To mimic a hypoxic condition, we treated the cells with dimethyloxalylglycine (DMOG). DMOG inhibits PHD2, the enzyme that modifies HIF-1α and results in its marked physiological instability in a normoxic environment ([@r33][@r34][@r35]--[@r36]). Following DMOG exposure, the half-life of HIF-1α in IRIS-depleted cells was still significantly shorter than that in undepleted cells (10 vs. \>20 min) ([Fig. 3*B*](#fig03){ref-type="fig"}, +DMOG). This implies that IRIS stimulates endogenous HIF-1α expression, at least in part, by modulating its stability in a PHD2-independent manner.

In normoxic cells, PHD2-mediated hydroxylation of HIF-1α on two conserved proline residues (Pro402 and Pro564) plays a key role in promoting its degradation ([@r33][@r34][@r35]--[@r36]). To further assess the contribution of IRIS to HIF-1α protein stability, we transfected, in parallel, 293T cells with FL IRIS- or Tr IRIS-encoding cDNA. Alternatively, we cotransfected these cells with WT HIF-1α or with the double proline-to-alanine HIF-1α mutant (Pro402Ala and Pro564Ala, dPA), the latter being resistant to PHD2-mediated hydroxylation.

Ectopic expression of FL but not Tr IRIS resulted in elevated steady-state levels of both WT and dPA HIF-1α protein ([Fig. 3*C*](#fig03){ref-type="fig"}). This implies that IRIS overexpression stabilizes HIF-1α protein via an O~2~/PHD2-independent mechanism. It also indicates that the intron 11-encoded segment of IRIS is required for this effect.

When it accumulates to a sufficient level, HIF-1α activates the transcription of numerous target genes, including *VEGFA* and *SNAI1* ([@r37], [@r38]). To test the outcome of IRIS-driven HIF-1α stabilization, we asked whether it influences the DNA-binding activity of HIF-1α at target gene promoters.

ChIP assays using a HIF-1α antibody were performed, and enrichment of antibody reactivity at the *VEGFA*, *SNAI1*, and *SNAI2* promoter regions flanking their hypoxia-response elements (HRE) was tested. In control cells, binding of HIF-1α to these promoters was readily detected, and it fell significantly after IRIS depletion ([Fig. 3*D*](#fig03){ref-type="fig"}). These reductions of HIF-1α binding translated into diminished Snail and Slug protein expression ([Fig. 3*E*](#fig03){ref-type="fig"}). Therefore, these results imply that in a normoxic environment IRIS promotes HIF-1α binding to certain hypoxia-responsive promoters by increasing its stability.

### IRIS protects HIF-1α from GSK-3β phosphorylation-driven degradation. {#s7}

The serine/threonine protein kinases PI3K, AKT, and GSK-3β have been implicated in the PHD2-independent modulation of HIF-1α stability ([@r11][@r12]--[@r13]). Therefore, to gain insight into the mechanism of IRIS-mediated stabilization of HIF-1α protein, we explored the potential roles of PI3K, AKT, and GSK-3β in this process. Exposure of M231 cells to LY294002, a specific PI3K inhibitor, led to AKT inhibition (reflected by a reduction in AKT phosphorylation), hypophosphorylation of GSK-3β, and depletion of HIF-1α ([Fig. 4*A*](#fig04){ref-type="fig"}, compare lanes 2 and 1). The change in the HIF-1α protein level correlated with expression of the HIF-1α transcriptional targets Snail and Slug ([Fig. 4*A*](#fig04){ref-type="fig"}). These findings are consistent with the reported roles of AKT and GSK-3β in the regulation of HIF-1α protein stability in a normoxic environment ([@r12]). Intriguingly, hairpin-driven IRIS depletion triggered AKT, GSK-3β, and HIF-1α outcomes similar to those elicited by LY294002 ([Fig. 4*A*](#fig04){ref-type="fig"}, compare lanes 1, 2, and 4).

![IRIS inhibits HIF-1α degradation via the AKT/GSK-3β pathway. (*A*) Effects of various kinase inhibitors on HIF-1α protein expression in M231 cells. LY294002 is a PI3K inhibitor; CHIR98014 is a GSK-3β inhibitor. (*B*) Western blot showing expression levels of various proteins in BC3-p53KD cells before and after IRIS depletion. (*C*) Effects of IRIS expression on levels of HIF-1α, PTEN, and phospho-AKT in A549 and ACHN cells. (*D*) Effects of IRIS expression on the expression of the downstream PI3K pathway and certain other targets in HME cells.](pnas.1807112115fig04){#fig04}

Similar effects were detected not only in IRIS-depleted BC3-p53KD, BC3-p53WT, and Hs578t cells (a human TNBC cell line) but also in IRIS-depleted A549 and ACHN cells ([Fig. 4 *B* and *C*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S4 *A* and *B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). These hairpin-driven IRIS depletion-mediated effects on the HIF-1α protein level as well as on AKT/GSK-3β signaling were overridden by ectopic overexpression of RNAi-resistant FL IRIS in IRIS-depleted M231 cells ([*SI Appendix*, Fig. S4*C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). These rescue effects reflect the specificity of the hairpin targeting of endogenous IRIS. They also suggest that, at a minimum, the PI3K/AKT/GSK-3β pathway can operate under IRIS control both in breast cancer cells and in cell lines derived from other cancer types.

In keeping with this hypothesis, exposure to the GSK-3β inhibitor CHIR98014 led to a partial recovery of the HIF-1α protein depletion effect as well as that affecting its targets Snail and Slug that occurred in IRIS-depleted M231 cells ([Fig. 4*A*](#fig04){ref-type="fig"}, compare lanes 6 and 4). This implies that its phosphorylation by GSK-3β is, at least in part, responsible for accelerated HIF-1α degradation in IRIS-depleted cells.

To further explore the role of IRIS in regulating AKT and GSK-3β phosphorylation and function, we analyzed signaling changes in IRIS-transduced, telomerase-immortalized, primary human mammary epithelial (HME) cells. Overexpression of FL but not Tr IRIS resulted in higher levels of phospho-AKT (activated enzyme), phospho-GSK-3β (inactivated enzyme), and HIF-1α ([Fig. 4*D*](#fig04){ref-type="fig"}). Tr IRIS was significantly less active in this regard.

Notably, FL IRIS-overexpressing HME cells exhibited mesenchymal morphology unlike control HME cells, which revealed a typical epithelial phenotype. Cells overexpressing Tr IRIS lacked this phenotypic change ([*SI Appendix*, Fig. S4*E*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). In addition, FL IRIS-overexpressing HME cells grew in semisolid medium and formed mammosphere structures ([*SI Appendix*, Fig. S4 *F* and *G*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). Both anchorage-independent growth and mammosphere-forming potential have been shown to accompany EMT development in mammary epithelial cells ([@r27], [@r39], [@r40]).

These data again show that IRIS, when overproduced, stabilizes HIF-1α by differentially modulating AKT and GSK-3β activities. They also reinforce the notion that the unique intron 11-encoded C terminus of IRIS participates actively in this process.

### HIF-1α overexpression is required for IRIS-induced neoplastic phenotypes. {#s8}

Next, we asked whether IRIS not only promotes HIF-1α stability but also sustains a sufficiently high abundance of functional HIF-1α to induce EMT and promote metastasis. HIF-1α is a known metastasis driver, and metastasizing epithelial cells frequently display an EMT phenotype. The latter is strongly suspected of abetting the metastatic process ([@r16], [@r22], [@r41]).

Although they retained high endogenous IRIS expression when HIF-1α protein was depleted, M231 cells lost Snail and Slug expression, failed to proliferate in soft agar, experienced reduced migratory activity, and reacquired epithelial morphology. The opposite of each of these phenotypes persisted in undepleted cells ([Fig. 5 *A--C*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S5 *A*--*C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). Furthermore, HIF-1α--depleted cells were unable to metastasize to arterial circulation-fed organs/tissues by comparison with control cells, thereby phenocopying IRIS-depleted cells ([Fig. 5*D*](#fig05){ref-type="fig"}). In light of the established association of deregulated Snail/Slug and HIF-1α with metastasis ([@r14], [@r42][@r43]--[@r44]), these results strongly imply that HIF-1α is a necessary participant in IRIS-dependent metastasis.

![HIF-1α is necessary and sufficient for IRIS neoplastic functions. (*A*) Immunoblots reflecting the expression of various proteins synthesized in M231 cells following the expression of various hairpins. (*B*) HIF-1α depletion inhibited the growth of M231 cells in soft agar (*n* = 6). (*C*) Changes in the migration of M231 cells incubated in two different oxygen environments after transduction with the indicated hairpins (*n* = 6). \**P* \< 0.05. (*D*) HIF-1α depletion suppressed i.v.-injected M231 cell metastasis to sites and organs other than lung (shLacZ: *n* = 7; shIRIS: *n* = 8; shHIF1A-1: *n* = 8; shHIF1A-2: *n* = 7). (Scale bar, 160 μm.) (*E*) Immunoblot-based expression analysis of various proteins in M231 cells after transduction of shIRIS and, where indicated, transduction of WT vs. STA HIF-1α. (*F*) STA HIF-1α stimulated the growth of IRIS-depleted M231 cells in soft agar (*n* = 9). ns, not significant. (*G*) STA HIF-1α restored the high migratory activity of IRIS-depleted M231 cells (*n* = 9). ns, not significant. (*H*) STA HIF-1α rescued metastasis of IRIS-depleted M231 cells (shLacZ/-: *n* = 6; shIRIS/-: *n* = 8; shIRIS/wt: *n* = 8; shIRIS/STA: *n* = 7). (Scale bar, 400 μm.) ns, not significant.](pnas.1807112115fig05){#fig05}

### Stabilized GSK-3β phosphorylation-resistant mutant HIF-1α rescues the defects associated with IRIS depletion. {#s9}

To probe further the relevance of the AKT/GSK-3β phosphorylation cascade to IRIS/HIF-1α--promoted metastasis, we generated a GSK-3β phosphorylation-resistant mutant of HIF-1α (Ser551Ala, Thr555Ala, and Ser589Ala, STA HIF-1α) ([@r12], [@r13]). Given the aforementioned signaling analysis, we predicted that this mutant HIF-1α species would be innately more stable than the WT protein and therefore might drive metastasis in the absence of IRIS coexpression.

After transduction, the STA HIF-1α protein proved to be more abundant than WT HIF-1α when the overexpressing cells were cultivated in room air ([*SI Appendix*, Fig. S5*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). Moreover, STA HIF-1α expression was unaffected by IRIS depletion, unlike WT HIF-1α, whose expression repeatedly decreased in the absence of IRIS overexpression ([*SI Appendix*, Fig. S5*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). To directly compare the stabilities of WT and STA HIF-1α, the half-lives of these proteins were examined. In both the presence and absence of DMOG the half-life of ectopically expressed WT HIF-1α was shorter than that of STA HIF-1α ([*SI Appendix*, Fig. S5*E*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)).

In this setting, overexpression of the HIF-1α STA mutant restored Snail and Slug expression, rescued the anchorage-independent growth defect, enhanced cellular migration, and led to the reappearance of mesenchymal morphology in IRIS-depleted cells ([Fig. 5 *E--G*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S5 *F*--*H*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). More to the point, IRIS-depleted, STA-overexpressing cells exhibited widespread metastatic tumor growth ([Fig. 5*H*](#fig05){ref-type="fig"}). By contrast, despite reaching higher expression levels than did endogenous HIF-1α in control M231 cells, exogenous WT HIF-1α failed to exhibit dramatic rescue effects like those generated by STA ([Fig. 5 *E--H*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S5 *F*--*H*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)).

We further examined the requirement for IRIS to support local cell invasion, a phenotypic characteristic of EMT ([@r22]). By comparison with undepleted control cells, IRIS-depleted M231 cells exhibited a markedly reduced ability to penetrate Matrigel-coated membranes that mimic extracellular matrix ([*SI Appendix*, Fig. S5*I*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). Thus, in keeping with the codevelopment of an MET phenotype, IRIS depletion inhibited matrix invasion by these endogenous IRIS-overexpressing cells.

Together, these data reveal that IRIS-driven EMT/metastasis is a product of sufficiently activated and stabilized HIF-1α. In this context, IRIS not only stabilized HIF-1α but also activated it by indirectly inhibiting its phosphorylation by GSK-3β ([@r12], [@r13]).

### IRIS expression and its effect on PTEN. {#s10}

The PTEN tumor suppressor is a major antagonist of AKT activation by the PI3K pathway ([@r6][@r7][@r8][@r9]--[@r10]). Loss of PTEN function is one of the most common known human cancer cell phenotypes ([@r45]). Moreover, the PI3K pathway and AKT are strongly activated by IRIS, as documented above. We therefore analyzed PTEN expression in relation to that of spontaneously overexpressed IRIS.

In several spontaneous IRIS-overproducing cell lines, e.g., M231, Hs578t, A549, and ACHN, as well as in PDX-derived human breast cancer cells, PTEN protein levels were higher in IRIS-depleted cells than in IRIS-overexpressing control cells. Moreover, in IRIS-depleted cells, PTEN levels correlated inversely with reduced levels of AKT phosphorylation ([Fig. 4 *A--C*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S4 *A*--*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)).

By contrast, when FL IRIS was ectopically overexpressed, the PTEN protein levels dropped, unlike the case of Tr IRIS-overexpressing HME cells ([Fig. 4*D*](#fig04){ref-type="fig"}). Thus, by downregulating PTEN protein abundance, IRIS activates the PI3K pathway and AKT function.

To further examine the role of PTEN in IRIS-mediated control of HIF-1α stability, we assessed HIF-1α expression in response to IRIS depletion in PTEN-mutated cells. MDA-MB-468 (also known as "M468") and BT549 cells both harbor deleterious mutations in the *PTEN* gene ([@r46]). Therefore, no PTEN expression was detected in these cells ([*SI Appendix*, Fig. S4*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). IRIS depletion had only small effects on the levels of HIF-1α protein. In contrast, IRIS depletion in two WT PTEN-expressing cell lines, M231 and Hs578t, resulted in major decreases in HIF-1α levels and increases in PTEN expression ([*SI Appendix*, Fig. S4*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). Although these cell lines are not isogenic, these data imply that PTEN is an important target in connecting sufficient IRIS expression to an increase in HIF-1α stability.

In search of the source of the elevated PTEN protein levels in IRIS-depleted M231 cells, we measured their PTEN mRNA levels. They were two- to threefold higher in cells transfected with two different IRIS siRNAs than in control cells ([Fig. 6*A*](#fig06){ref-type="fig"}). A similar effect was observed in Hs578t cells ([*SI Appendix*, Fig. S6*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). These data imply that IRIS overexpression represses PTEN mRNA synthesis.

![PTEN depletion rescues phenotypic changes in IRIS-depleted cells. (*A*) PTEN mRNA levels increased after IRIS depletion in M231 cells. Values are normalized mean ± SD (*n* = 6). (*B*) Relative abundance of endogenous IRIS associated with the *PTEN* promoter in M231 cells as assayed by ChIP. Values are normalized mean ± SD (*n* = 6). \*\**P* \< 0.01. (*C*) Western blot showing various protein levels in M231 cells under each knockdown condition. (*D*) PTEN depletion rescued the growth of IRIS-depleted M231 cells in soft agar (*n* = 9). Neg, negative control hairpin. (*E*) PTEN depletion restored the migratory activity of IRIS-depleted M231 cells (*n* = 12). ns, not significant. (*F*) IRIS-depleted M231 cells regained the ability to metastasize after codepletion of PTEN (*n* = 5). (Scale bar, 160 μm.) (*G*) Low PTEN expression correlated with relatively high IRIS messenger levels in the TCGA breast cancer dataset. High 25%: cases with IRIS mRNA levels in the top quartile. Low 75%: the remaining cases.](pnas.1807112115fig06){#fig06}

IRIS can function as a transcriptional regulator in association with other cofactors ([@r3]). Therefore, we asked whether endogenous IRIS binds specifically to the *PTEN* promoter. In ChIP experiments IRIS signals were readily detected at a specific location near the *PTEN* promoter in both M231 and Hs578t cells. These specific signals were nearly abolished by IRIS depletion ([Fig. 6*B*](#fig06){ref-type="fig"} and [*SI Appendix*, Fig. S6 *B* and *C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)), in keeping with the increase in PTEN mRNA abundance that accompanied IRIS depletion ([Fig. 6*A*](#fig06){ref-type="fig"} and [*SI Appendix*, Fig. S6*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). These results imply that IRIS exerts a negative effect on PTEN mRNA synthesis, at least in part, by repressing *PTEN* promoter function.

### PTEN depletion reestablishes neoplastic phenotypes in IRIS-depleted cells. {#s11}

To determine whether PTEN plays a role in IRIS-regulated HIF-1α stability, we asked whether PTEN depletion alters downstream signaling and neoplastic outcomes in IRIS-depleted cells. PTEN depletion in shIRIS-expressing M231 cells led to reactivation of AKT, elevation of HIF-1α protein levels, and restoration of Snail and Slug protein expression compared with those in control, IRIS-only--depleted cells ([Fig. 6*C*](#fig06){ref-type="fig"}). These PTEN/IRIS double-knockdown cells displayed anchorage-independent growth, reacquired transmembrane migratory activity, and regained mesenchymal morphology ([Fig. 6 *D* and *E*](#fig06){ref-type="fig"} and [*SI Appendix*, Fig. S6 *D*--*F*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). PTEN depletion also led to metastatic tumor development of IRIS-depleted cells not only in lung but also in muscle, bone, and lymph nodes ([Fig. 6*F*](#fig06){ref-type="fig"}).

Thus, it appears that PTEN is an indispensable IRIS target in the perturbed signaling pathway in which spontaneously overexpressed IRIS stabilizes HIF-1α that, in turn, promotes EMT and metastasis.

### An inverse relationship between IRIS and PTEN expression. {#s12}

These data strongly suggest that IRIS participates in the repression of *PTEN* transcription. This results in the stabilization and activation of HIF-1α, which in turn triggers the development of a multicomponent neoplastic phenotype. The latter includes metastatic activity, in keeping with the view that loss of PTEN expression correlates with human breast cancer metastatic activity ([@r47], [@r48]).

In this context, we asked whether IRIS overexpression correlates with low PTEN expression in clinical samples. Indeed, we detected lower PTEN mRNA levels in the primary breast cancer cells of patients with high IRIS mRNA levels (in the top quartile) than in the breast cancer cells of patients with lower IRIS mRNA levels (below the third quartile) in all WT *PTEN-*associated TCGA breast cancer cases ([Fig. 6*G*](#fig06){ref-type="fig"} and [Dataset S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). Thus, the IRIS/PTEN relationship, first identified in cultured cells, is also valid clinically.

Discussion {#s13}
==========

By analyzing TCGA RNA-Seq data, we documented spontaneous IRIS RNA overexpression in numerous human cancers derived from various organs. Where studied, multiple IRIS-overproducing human cancer cell lines and two IRIS-overproducing human PDX primary breast cancer strains revealed IRIS overexpression-dependent neoplastic properties. They included anchorage-independent growth, an EMT phenotype, increased cell migration, and, where tested, metastatic behavior in a PDX model. Thus, it appears that, when spontaneously overexpressed, IRIS acts as a tumor-progression driver in multiple common cancers.

Although IRIS-depleted cells displayed drastic suppression of anchorage-independent growth and mammosphere formation in vitro, their potential to develop primary tumors was similar to that in control cells ([*SI Appendix*, Fig. S2 *A* and *B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). The cells tested in in vitro assays were cultivated in a normoxic atmosphere in which IRIS depletion led to a marked reduction in HIF-1α level. This is the underlying mechanism whereby IRIS is required for anchorage-independent growth and mammosphere formation. By contrast, in the tumorigenicity assays millions of cells were mixed with Matrigel and injected. These cells may well encounter hypoxia shortly after inoculation, in which case HIF-1α protein would be expected to accumulate even in IRIS-depleted cells. This could contribute to IRIS-independent primary tumor growth.

A key step in the mechanism underlying IRIS-driven metastasis is its suppression of PTEN expression, apparently by participating in the inhibition of PTEN mRNA transcription. This was accompanied by PI3K pathway and AKT activation. Activated AKT inhibits GSK-3β activity by phosphorylating GSK-3β Ser9 ([@r11]). GSK-3β inactivation inhibits the phosphorylation of three specific HIF-1α transactivation domain residues, which, in turn, renders HIF-1α resistant to ubiquitylation and subsequent proteasome degradation ([@r12], [@r13]). Thus, a nonphosphorylatable HIF-1α mutant targeting these three residues was exceedingly stable in a normoxic environment, accumulated to abnormally high levels, and substituted effectively for overexpressed IRIS in metastasis and other neoplastic phenotype components.

HIF-1α phosphorylation has been implicated in the negative regulation of its DNA-binding activity and its transcriptional activation of target genes ([@r49], [@r50]). For example, HIF-1α exposed to the serine/threonine phosphatase inhibitor NaF failed to bind to HRE-harboring DNA probes in EMSAs ([@r51]). This implied that certain HIF-1α phosphorylation events block its DNA binding and potentially inhibit its transcriptional activation of certain target genes. Thus, interference with HIF-1α phosphorylation, e.g., after endogenous IRIS overexpression leading to GSK-3β inhibition, likely translates into HIF-1α hyperactivity, an event with potential neoplastic consequences.

Given the location of the serine/threonine residues Ser551, Thr555, and Ser589 within the HIF-1α N-terminal transactivation domain, we speculate that GSK-3β--mediated phosphorylation normally facilitates HIF-1α degradation and inhibits its transcriptional activity. This would potentially explain our observation that, despite HIF-1α expression being much higher than in control cells, ectopic overexpression of WT phosphorylatable HIF-1α failed to reverse the inhibited expression of *SNAI1* and *SNAI2* in IRIS-depleted cells ([Fig. 5*E*](#fig05){ref-type="fig"}). It also failed to reverse the other outcomes arising after IRIS depletion, including failed metastasis ([Fig. 5 *F--H*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S5 *F*--*H*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)).

Our findings also reveal that spontaneous overexpression of endogenous IRIS, which appears to be a not uncommon clinical event in multiple, albeit not in all, tumor types, initiates its metastasis-promoting activity by inhibiting PTEN expression. This, in turn, results in HIF-1α stabilization, accumulation, and activation ([Fig. 7](#fig07){ref-type="fig"}), which collectively trigger metastasis ([@r16]).

![A schematic model illustrating the function of overexpressed IRIS in human breast cancer cells. In a normoxic setting, overexpressed IRIS represses *PTEN* gene transcription. The resulting low PTEN protein levels lead to the activation of AKT and inhibition of HIF-1α phosphorylation mediated by GSK-3β. HIF-1α becomes stabilized and accumulates to activate the transcription of its target genes, such as *SNAI1* and *SNAI2*. Elevated Snail and Slug expression induces an EMT and promotes metastasis.](pnas.1807112115fig07){#fig07}

In addition to HIF-1α stabilization and inhibition of its phosphorylation, another potential route to HIF-1α overexpression and excessive HIF-1α function would be PTEN inhibition-driven mTOR activation followed by enhanced HIF-1α translation ([@r52]). Conceivably, this effect, too, operates in IRIS-overexpressing cells.

Our results also show that IRIS-driven metastasis occurs, at least in part, in organs/tissues fed by the arterial circulation and is dependent upon an ability of IRIS to stabilize HIF-1α in what is presumed to be a normoxic setting. High levels of HIF-1α protein are associated with tumor progression and a poor prognosis in breast cancer patients ([@r14], [@r15]). Although they also correlate with tumor size, tumor stage, and histological grade in a variety of human cancers, including advanced breast cancer ([@r14]), HIF-1α overexpression has been detected in preneoplastic lesions in breast, colon, and prostate cancer ([@r14]) and in early-stage (pT1b) cervical cancer, where it was associated with an unfavorable prognosis ([@r53]). Therefore, it is conceivable that an accumulation of activated HIF-1α in normoxic cells, following endogenous IRIS overexpression, can promote cellular transformation and/or stimulate the dissemination of early-stage tumor cells to multiple tissues and organs.

HIF-1α has also been implicated in still other events associated with tumor progression, e.g., the activation of EMT-inducing transcription factors such as *SNAI1* and *TWIST1* ([@r38], [@r54]). We found that depletion of overexpressed IRIS in multiple human cancer cell lines led to the induction of E-cadherin and reduction of N-cadherin expression which signal MET development ([Fig. 4 *B* and *C*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S4 *A* and *B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). By contrast, overexpression of FL IRIS in HME and MCF7 cells, which express low levels of IRIS, resulted in diminished E-cadherin and elevated N-cadherin signals ([Fig. 4*D*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S4*H*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental)). EMT induction is strongly associated with tumor cell invasion and metastasis ([@r22], [@r41]).

A recent report suggested that higher levels of HIF-1α protein expression correlate with IRIS overexpression in certain established human breast cancer cell lines and that IRIS depletion in these cells was accompanied by reduced HIF-1α abundance ([@r55]). However, the target specificities of the relevant shRNAs and HIF-1α antibody species were not documented, nor was the molecular connection underlying these phenomena investigated.

Finally, our attempts to analyze the effects of IRIS expression upon survival in the large patient study (TCGA) we consulted were inconclusive. This was a result of (*i*) the relatively short median follow-up of the TCGA patients; (*ii*) the limited reporting of survival data and, therefore, the limited ability to discern its relationship to the IRIS concentration in individual tumors; and (*iii*) the relatively small number of documented survival events and of tissue metastasis patterns that were reported. Thus, an ability to accurately predict the effect of IRIS expression on the clinical course of breast or any of the other IRIS-overproducing cancers has not yet been achieved.

Whatever the case, given its ability to promote the metastasis of primary human breast cancer cells in mouse models, its contribution to anchorage-independent growth, EMT development, and enhanced cell migration behavior, and its naturally occurring overexpression in various primary human cancers, it would not be surprising, if endogenous IRIS overexpression were a negative clinical outcome-inducing factor in certain cancers.

Materials and Methods {#s14}
=====================

Please refer to [*SI Appendix*, *Supplementary Materials and Methods*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental) for other materials and methods, including cell culture, RNAi, qRT-PCR, ChIP, anchorage-independent growth, cell migration and invasion, mammosphere formation, colony formation, protein half-life estimates, Western blotting, and immunoprecipitation.

Xenograft Studies and Histological Analysis. {#s15}
--------------------------------------------

All xenograft studies were approved by the Institutional Animal Care and Use Committee at the Dana-Farber Cancer Institute (DFCI) and were conducted under the guidelines of the DFCI Animal Research Facility. All inoculations were carried out blindly, and animals were randomly grouped for inoculation. Please see [*SI Appendix*, *Supplementary Materials and Methods*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental) for technical details.

Analysis of RNA-Seq Data. {#s16}
-------------------------

An alignment-free approach, Kallisto ([@r18]), was used to estimate p220 and IRIS isoform abundance from the FASTQ files in the TCGA cases ([@r56]). Kallisto calculates sets of probabilities for each RNA-Seq read that could have originated from various known transcripts encoded by a given gene. Estimates of the abundance of each transcript are based on the assembly of the probabilities associated with all possible reads derived from a given transcript. To distinguish between p220 and IRIS (ENST00000357654 and ENST00000354071, respectively, from the Ensembl genome browser, <https://www.ensembl.org>), the specificity was determined by comparing RNA-Seq reads from exons 12--24 with reads that included the exon 11/intron 11 junction as well as reads derived from intron 11. Additional details regarding RNA-Seq data extraction and analysis are presented in [*SI Appendix*, *Supplementary Materials and Methods*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807112115/-/DCSupplemental).

Statistical Analysis. {#s17}
---------------------

Data are represented as mean ± SEM except when indicated otherwise. The *P* values shown, except those associated with RNA-Seq analysis, were calculated using a Wilcoxon rank-sum test (two-tailed) and used the Holm--Bonferroni adjustment for multiple comparisons. *P* \< 0.05 is considered significant. No animals were excluded from analysis.

Data Availability. {#s18}
------------------

All the data supporting the findings of this study are available within the article and its supporting information files.
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